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Force spectroscopyRecently, it was revealed that tumor cells are signiﬁcantly softer than normal cells. Although this phenomenon is
well known, it is connectedwithmany questionswhich are still unanswered. Among these questions are themo-
lecular mechanisms which cause the change in stiffness and the correlation between cell mechanical properties
and their metastatic potential. We studiedmechanical properties of cells with different levels of cancer transfor-
mation. Transformed cells in three systemswith different transformation types (monooncogenicN-RAS, viral and
cells of tumor origin) were characterized according to their morphology, actin cytoskeleton and focal adhesion
organization. Transformation led to reduction of cell spreading and thus decreasing the cell area, disorganization
of actin cytoskeleton, lack of actin stress ﬁbers and decline in the number and size of focal adhesions. These alter-
ations manifested in a varying degree depending on type of transformation. Force spectroscopy by atomic force
microscopy with spherical probes was carried out to measure the Young's modulus of cells. In all cases the
Young's moduli were ﬁtted well by log-normal distribution. All the transformed cell lines were found to be
40–80% softer than the corresponding normal ones. For the cell systemwith a low level of transformation the dif-
ference in stiffness was less pronounced than for the two other systems. This suggests that cell mechanical prop-
erties change upon transformation, and acquisition of invasive capabilities is accompanied by signiﬁcant
softening.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Many facts point at the importance of cell mechanical properties in
tumorigenesis and cancer progression [1–3]. Low Young's modulus is
a new recently discovered marker of many cancer cells [4,5]. It is
established that tumor cells are softer than benign and healthy ones.
However, there is no clear correlation between cell stiffness and their
metastatic potential. Direct correlation was shown in some works
[5–7], but reversed, non-signiﬁcant or complicated correlation was
observed in the others [8–11].
It was shown that mechanical properties of cells are mainly deﬁned
by actin cytoskeleton structure [12,13]. The actin cytoskeleton is a net-
work of microﬁlaments responsible for cell shape, protrusion formation
and motility. Cancer cells show distinct alterations in morphology and
actin cytoskeleton structure compared to normal cells. They generally
have a reduced number of stress ﬁbers; the residualmicroﬁlament bun-
dles are in disorder, and maturation of focal adhesions is disturbed
[14,15]. Presumably, cytoskeleton characteristics of cancer cells play
an important role in their migration activities, abilities of intravasationw 111991, Russia. Tel./fax: +7
).and extravasation and thus determine their metastatic potential [16].
The same cytoskeleton characteristics may lead to essential changes in
the mechanical properties of tumor cells. The ability of cancer cells to
migrate and produce metastasis is one of the main reasons of tumor
mortality [17].
Fibroblasts proved to be a goodmodel for investigation of themecha-
nisms of cell movements and factors that inﬂuence cell mechanical
properties [18–20]. They demonstrate that one of themainmorphological
types of cells (ﬁbroblast phenotype)withwell-pronounced actin stressﬁ-
bers and associated focal adhesions has high motility and is strongly ad-
herent. Fibroblasts display mesenchymal migration mode, characterized
by elongated cell shape, protrusive activity and lamellipodium formation.
Cancer transformation induces alterations in cytoskeleton structure, mo-
tility and mechanical properties of ﬁbroblasts [19]. Molecular mecha-
nisms of these alterations are not clear. Investigation of cells with
different levels of transformation may help to reveal these mechanisms.
In our work we used three cell systems with different types and levels
of cancer transformation (by oncogeneN-RAS, viral and cells of tumor or-
igin— frommildest to strongest) to investigate its effect on the mechan-
ical properties and actin cytoskeleton organization of ﬁbroblasts.
Several experimental methods are suitable for stiffness measure-
ments on living cells [21,22]. Force spectroscopy by AFM (atomic force
microscopy) is one of them, which has been proven to be effective in
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hundreds piconewtons under near physiological conditions [24,25].
In the current work we used AFM to measure the mechanical proper-
ties of transformed and normal ﬁbroblasts. Cell morphology, cytoskele-
ton structure and focal adhesions were examined by ﬂuorescent
microscopy.
2. Materials and methods
2.1. Cell cultures
Three cell systems consisting of non-transformed cells and their der-
ivates with different levels of cancer transformation were investigated.
The ﬁrst system was the Ras-transformation system: it included 10(3)
cells, which are immortalized mouse ﬁbroblasts [26], as a control cell
line and 10(3)RAS cells obtained by the transfection of 10(3) cells
with a construct containing constitutively active N-RASasp13 gene [27].
The second system (SV40-transformation system) included non-
transformed MRC-5 cells (human fetal lung ﬁbroblasts) and their
derivatives — the transformed cells MRC-5V1 and MRC-5V2 obtained
by infection of the initial MRC-5 cells with SV40 virus [28]. The third
system included 1036 human dermal ﬁbroblasts as control and HT-
1080 ﬁbrosarcoma (malignant mesenchymal tumor derived from
ﬁbrous connective tissue) cell line [29].
All the studied cells were grown in DMEMmedium (Paneco, Russia)
supplemented with 10% fetal bovine serum (FBS) (PAA Laboratories,
Austria) at 37 °C in a humidiﬁed 5% CO2 atmosphere.
2.2. Fluorescent microscopy
For analysis of actin cytoskeleton and focal adhesions cells were ﬁxed
with 3.7% paraformaldehyde in PBS. Fixed cells were washed three times
with PBS, permeabilized with 0.5% Triton X-100 in PBS for 3 min and
then again washed three times with PBS for 5 min. The ﬁlamentous
actin (F-actin) was labeled with the ﬂuorescent dye Alexa Fluor 488
phalloidin (Molecular Probes, United States). Focal adhesions were la-
beled with two different antibodies: anti-paxillin antibody (Transduction
Laboratories) and anti-vinculin antibody (hVIN-1 (Sigma, United States)).
Then secondary TRITC anti-mouse antibodies (Sigma, Unite States) were
applied. Both paxillin staining and vinculin staining revealed the same ad-
hesion structures. Samplesweremounted in Elvanol in PBS andexamined
under a ﬂuorescent microscope Axioplan (Zeiss, Germany) with a 100×
oil Plan-Neoﬂuar objective. Images were obtained with an Olympus
DP70 digital camera using the DP Controller software (Olympus, Japan).
2.3. Morphometry
To characterize the morphological alterations of the cells after the
transformation we used ImageJ software (National Institutes of Health,
Bethesda, MD). Cell area and perimeter were measured and circularity
was calculated as:
4π Area½ 
Perimeter½ 2 :
Circularity describes the level of cell polarization. A value of unity
indicates a perfect circle. As the value approaches zero, it indicates an
increasingly elongated shape. To characterize the maturation level of
focal adhesions we measured their number and length revealed by
immunoﬂuorescence.
2.4. AFM measurements
Before AFM experiments, the cells were seeded on glass cover slips
and grown until 70–80% conﬂuency. The AFMmeasurements were per-
formed at 37 °C using a commercial atomic force microscope Solver Bio(NT-MDT, Russia) combined with an inverted optical microscope as de-
scribed previously [30]. Just before the AFM measurements the growth
mediumwas replaced byDMEMHAM/F12mediumwithHEPES (Sigma,
United States). Typically, 3–5 force curves were taken at 1 μm/s rate on
each of the studied cells near its center, excluding the nucleus area.
Tipless AFM probes CSG11 (NT-MDT, Russia) modiﬁed with a 9 μm di-
ameter polystyrene bead were used. Typical length, width, and thick-
ness of these cantilevers are 350, 35, and 1 μm, respectively, nominal
force constant k = 0.03 N/m, resonance frequency in air is near
10 kHz. Compared to the ordinary AFM cantilever, the modiﬁed ones
provided a rather accurate control of the probe geometry. Also they
helped to rapidly obtain Young'smodulus values, averaged over a rather
big (~1 μm2) contact area.
The Hertz's contact model was applied for processing the ﬁrst
500 nmof the converted force vs. indentation curve to calculate Young's
modulus (E). For each cell line, 3 samples of cells were tested, 15–25
cells per sample. The mechanical response from cell surface is compli-
cated and generally includes both elastic and viscous components.
In this study, E should be regarded as effective value of local stiffness
(apparent Young's modulus) rather than the elastic modulus. However,
some studies have shown that at low tip approach velocities (below
1 μm/s) the contribution of cell viscosity is attenuated and elasticity is
dominant [7,30,31]. Thus 1 μm/s velocity was chosen as the force
curve acquisition speed.
The non-parametric Mann–Whitney U test was used to determine if
the differences between the groups were signiﬁcant. Analysis was per-
formed using Statistica software, version 8.0 (StatSoft, United States).
The Young's modulus values were described using both arithmetic
(± standard deviation) and geometric means (*/multiplicative stan-
dard deviation).
3. Results and discussion
3.1. Morphology, cytoskeleton structure and focal adhesions
All the transformed cell lines showed clearmorphological difference
from the control ones (Figs. 1–3, Table S1). The non-transformed cells
(10(3), MRC5, 1036) had typical ﬁbroblast polarized morphology with
well-pronounced actin stressﬁbers andmatured focal adhesions. Trans-
formation led to signiﬁcant decrease of the cell area, which is a typical
morphological alteration after transformation [15,32,33]. In the case of
Ras-transformation cell polarity was slightly increased (circularity
decreased), consistent with the previous results [33]. In the other cell
systems (SV40-transformed and ﬁbrosarcoma cells) transformation
led to decrease of polarity due to an increase of edge activity and ap-
pearance of a lot of lamellipodia and rufﬂes all over the cell perimeter.
In all cells transformation led to lack of actin stress ﬁbers. But while
in the case of N-Ras-transformation one could see some residual actin
bundles, there are signiﬁcantly less of them for SV40-transformed
cells and for tumor ﬁbrosarcoma cells there are no bundles at all.
(Fig. 1B, D, E, G). We also analyzed alteration of focal adhesion (FA) sys-
tem after the transformation (Figs. 2, 3 and Table S2). For all cell systems
signiﬁcant decrease of FA size was noticed (by 50–60%). This reduction
occurs due to disappearance of large matured FA and by appearance of
new small focal complexes. Violation of maturation of the focal adhe-
sions aswell as disappearance of the stressﬁbers and cell area reduction
were shown in tumor cells earlier [14,19,20]. It should be noticed that in
our systems the changes associatedwith transformation increased from
cells withmono-oncogene transformation (Ras-transformation) to cells
after viral transformation (SV40-transformation system) and cells of
tumor origin (HT1080 ﬁbrosarcoma).
3.2. Mechanical properties
Representative force curves obtained for different cell lines are
shown in Fig. 4. The ﬁrst 500 nm part of each force curve was used for
Fig. 1. Actin cytoskeleton of studied cells. Non-transformed ﬁbroblasts: 10(3) (A), MRC-5 (C), 1036 (F) and their transformed derivates: mono-oncogenic Ras-transformation— 10(3)RAS
(B); SV40-virus transformation,MRC-5V1 (D),MRC-5V2 (E) cell; cells of tumor originHT-1080 (G). Non-transformedﬁbroblasts are polarized and have long actin stressﬁbers (markedby
arrows). Transformed cells lack stress ﬁbers; some of them could have residual actin bundles (marked by thin arrows on (B) and (D)) and have active edges with a lot of lamellipodia and
rufﬂes all over the cell perimeter. Images obtained after ﬂuorescent staining for F-actin, scale bar, 20 μm.
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substrate effect [34], whichwas observed at some force curves at inden-
tations more than 1000–2000 nm (data not shown).
The Young's moduli of the studied cell lines are summarized in
Table 1 and Fig. 5. These values fall within the range reported for
other types of mammalian cells [35]. The reduced Young's modulus of
transformed cells was registered in all the studied systems (by ~40%
for 10(3)RAS, ~80% for MRC-5V1 and MRC-5V2, ~70% for HT-1080). In
all cases the difference was signiﬁcant (p b 0.01).
The distributions of Young's modulus values were close to log-
normal for all studied cell types (Fig. S1). Themultiplicative standard de-
viations were quite similar (~2). Log-normal distributions were previ-
ously shown for mechanical properties of adherent cells with different
methods [6,7,36–41]. It may result from the log-normal distribution ofactin cytoskeleton density or its level of crosslinking. The former was
shown in severalworks [30,42], but its origin is still not completely clear.
Enhanced activation of the RAS-signaling pathways is one of the
most frequent defects in human tumors [43]. It was previously shown
that one-step single oncogene transformation of 10(3) mouse ﬁbro-
blasts with N-RAS substantially modiﬁed cell morphology and cytoskel-
eton, providing the typical phenotype of transformed cells [27]. These
cells still had some residual actin bundles and alterations of adhesion
structures were the lowest between all studied cells. It should be
noted also that Ras-transformation didn't lead to invasive phenotype
in human breast epithelial cells [44]. Although N-RAS transfection in
the studied cell system induces a pronounced morphological transfor-
mation of ﬁbroblasts, they demonstrate the lowest change in the
Young's modulus among the studied cell systems.
Fig. 2. Focal adhesion system of studied cells. Non-transformed ﬁbroblasts: 10(3) (A), MRC-5 (C), 1036 (F) and their transformed derivates: mono-oncogenic Ras-transformation— 10(3)
RAS (B); SV40-virus transformation, MRC-5V1 (D), MRC-5V2 (E) cell; cells of tumor origin HT-1080 (G). Non-transformed ﬁbroblasts have large matured focal contacts (marked by
arrowheads) and small focal complexes (marked by thin arrows). Transformed cells have reduced system of focal adhesions: while there are a few focal contacts in some cells (B, D)
the others have only small focal complexes (marked by thin arrows). Images obtained after ﬂuorescent staining for paxillin, scale bar, 20 μm.
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of MRC-5 human lung ﬁbroblast and tumor origin ﬁbrosarcoma cell line
HT-1080) demonstrate more evident morphological changes. Viral
transformation induces several oncogenes, leading to malignization of
cells [45]. HT-1080 cells derived from biopsy tissue of a ﬁbrosarcoma
are known to have very high invasiveness and tumorigenicity [46,47].
They have similar Young's modulus values as MRC-5V1 and MRC-5V2
transformed ﬁbroblast.
Thus, the reduction of the Young's modulus in three studied cell sys-
tems correlatedwith themorphological alterations. One-step single onco-
gene transformed 10(3)RAS cells demonstrated less reduction than the
two other cell systems with a higher level of transformation. Apparently,
signiﬁcant softening is connectedwith acquisition of invasive capabilities.Our data, along with the works of other authors conﬁrm that cell
stiffness measured by AFM can be regarded as a biomarker for determi-
nation of cells at early stages of tumor progression [4–6]. It should be
noted that cell properties in vivo and in vitro can be essentially different
because of dimensionality (2D vs 3D), microstructure and stiffness of
the extracellular matrix, molecular signals and other parameters. How-
ever, experiments conducted on biopsies [48] and tissue sections [23]
collected frompatients suffering from various cancers indicate that can-
cer cells have lower stiffness in natural tumor microenvironment as
well as in vitro. It can be a consequence of the fastermitosis rate and de-
differentiation of cancer cells [49,50]. On the other hand, reduced stiff-
ness could help cancer cells to move within interstitial cavities, crawl
through extracellular matrix and through vascular walls [50,51].
Fig. 3.Morphological characteristics of the studied cells. (A) Cell area, (B) circularity (cell polarization), (C) average length of adhesions. Difference between non-transformed and trans-
formed cells is signiﬁcant at p b 0.01. (D) Number of focal adhesions per cell, (E) size distribution of focal adhesions (L— length).
Fig. 4. Examples of force curves (black dashed lines) obtained for the studied cells. Solid red lines — Hertz model ﬁtting. Although only the ﬁrst 500 nm indentation range was used for
ﬁtting procedure, the resulted ﬁtting curves are in good agreement at deeper indentations (over 1000 nm) which conﬁrms the applicability of the Hertz model.
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Table 1
Young's moduli calculated for the cell lines. n = total number of cells measured in 3 experiments.
Parameter 10(3)
n = 75
10(3)RAS
n = 75
MRC-5
n = 51
MRC-5V1
n = 54
MRC-5V2
n = 70
1036
n = 66
HT-1080
n = 66
Arithmetic mean, Pa 1810 1000 1720 360 380 930 310
Standard deviation, Pa 1280 720 1180 350 260 750 210
Geometric mean, Pa 1460 790 1280 250 310 700 250
Multiplicative standard deviation 1.9 2.1 2.3 2.3 1.9 2.2 1.9
Fig. 5.Boxplot for Young'smoduli calculated for the cell lines. Thepercentiles are 10%, 25%,
50%, 75% and 90%. Difference between the non-transformed and transformed cells is sig-
niﬁcant at p b 0.05.
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In this study the Young's moduli of three different cell systems
(ﬁbroblasts with different levels of cancer transformation) were mea-
sured by force spectroscopy. The distribution of the Young's modulus
values was found to be log-normal for all the studied cell lines. The
Young's moduli of the transformed cells were signiﬁcantly lower than
those of the control ones. The decrease of Young's modulus was consis-
tent with morphology changes and actin cytoskeleton rearrangement
observed by ﬂuorescent microscopy.
The changes in the Young's modulus of cells caused by a one-step
single oncogene transformation were less pronounced than those for
the other transformed cells (virus-transformed cells and cells of tumor
origin). We suggest that cell stiffness declines with increase in the
level of cancer transformation that could give beneﬁts for tumor inva-
sion. Further work is required to evaluate the generality of this sugges-
tion, particularly to examine the correlation between cell stiffness and
their metastatic potential.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.01.032.
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